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ABSTRACT

A program for the development of a baseline liquid-hydrogen fueled
vehicle and a liquid-hydr: -refueling system was completed at the Los Alamos
Nation.l Laboratory on September 30, 198l. This program involved the
cooperative efforts of the Laboratory (funded by the U.S. Department of
Energy), the Deutsche Forschungs- und Versuchsanstalt fir Luft=- und Raumfahrt
(DFVLL) of the Federa! Republic of Germany, and the State of New Mexico
through the New Mexico Energy Institute (NMEI). The results of the program
provide a reference point from which future progress and improvements in '

liquid-hydrogen on-bvard storage and relfueling capabilities may be measured.

The NMEL provided the program a 1979 Buick Century 4-door sedan with
3.8~ (231-in.j) displacement turbocharped V6 engine and automatic
transmission. The DFVLR provided an on-board liquid-hydrogen storag: tank and
a retucling station.  The DFVIR tank, and the engine moditications for
opueration on hydrogen rather than gasoline, represented readily available,
state=ol=the=art capabilitics when the program began in Maveh 1979, The
original tank provided by the DFVLR was replaced with a larger capacity tank,

which was tabricated usiag more advanced ¢ryopunic engineering technology.

The vehicle was retucled at Teast o0 times with liquid hydrogen using
virious ligquid=hydrogea storape Dewarvs at Los Alamos and the semiautomatic

relueling station desipued and builo by the DFVIR.

AL Lhe end ol the program, the engine had been operated for 133 b and the
car dreiven tor 450 km (2200 miles) on hvdropen without any major digticultivs.
The vehicle obtained 2.4 km/n (97 mites/pals) ol liquid hvirogen or 8.9 km/L
G miles/pals) of pasoline on an equi salent enerpy basis for driving in the
hiph=altitude Los Alamos, Santa Fo, and Albuquergque areias. Wilhoul pelucling,
the cav had a rvaonge ol abont 274 ke (170 milesY with the tirst ligquid=hydrogen

tank and aboutl 302 km (229 wiles) with the second tank.



OBJECTIVES

The major objectives of the program include:

. provide a baseline vehicle using state-ot-the-zrt equipment with
which to compare and evaluate future improvements in vehicle
performance, liquid-hydrogen storage systems, other hydrogen storage

methods, and other synthetic fuels storage methods;

. investigate the problems involved in the on-board storage ol
liquid-hydrogen: ..
. investigate the problems involved in fueling vehicles with liguid

hydrogen;

. develop a liquid=hydrogen retueling system thal can be operated by

personnel with minimal special trainiag; and,

¢ develop an autumobile ol conventional appearance and performance

operatang on liquid hydropen.

These objectives were accomplishoed with the exception that the vehicle
pertformance was not cquivalent to the normal perlormance when operating, on

pasoling.
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PROC®AM PARTICIPANTS

The program involved the cooperative efforts of the New Mexico Energy
Institute (NMCI) for the State of New Mexico, the Deutsche Forschungs- und
Versuchsanstalt fir Luft- und Raumfahrt (DFVLR) of the Federal Republic of
Germany, 2nd the Los Alamos National Laboratory with funding from the Office
of VYehicle and Engine Research and Development of the U.s. Department of
Energy. The DFVLR is an organization similar to the National Aeronautics and

Space Admininstration (NASA) although it is not a government organization. ,

The NMEI provided a 1979 Buick Century sedan lor the program.

The DFVLR provided the initial liquid-hydrogen tank and a semiautomatic

refueling station for the program.

The DEVLR and the Los Alamos National Laberatoary jointly designed and

fubricated the second liquid-hydrogen storage tank used in the program.

Program manapement and coordination was provided by the Los Alamos
National Loboratory. The Laboratory also installed the liquid-hydrogen tarnks
and ancillary equipment into the car and made road tests of the vehicle. The
initial engine modifications fur operation on hydrogen rather than gasoline

wure subcontracted by the Labhoratory cto the Billings Energy Corporation (BEC).
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VEHICLE MODIFICATIONS
Modifications to the vehicle by BEC and the Laboratory include:

. Removal of the gasoline tank, the exhaust catalytic converter, and
some of the sheet metal to make room in the trunk compartment for

the liquid-hydrogen tank.

. Vapor seaiing between the trunk space and the passenger compartment
to prevent hydrogen from entering the passenger compartment in the

event of a hydrogen leak in the trunk space.

. Installation of louvers in the trunk lid for ventilation of the
trunk compartment to avoid an accumulation of hydrogen in the event

of a hydrogen leak in the trunk space.

. Installation of hydrogen detectors in the trunk and the passenger

compartment to provide a warning i.n the event of a hydrogen leuk.

. Installation of a 25.7 L (6.8 gal.) water tank in the trunk for a
water induction system that uses the vehicle's original equipment
gasoline pump and carburetor to deliver water to the intake
manilold. Water induction is used to reduce backliring in the
intake manifuld and to lower N()x emnissions, espucially during

operation at high power.

. Installation ol & hydrogen feed system, including controls, to

deliver hydroguen from the liquid-hydrogen tank to the engine.

. Installation ol a hydropen tank liquid-level gaupe and pressure
indicator/controller to permit the driver to monitor and control the

hydrogen fuel system.

. Installation of instrumentation such as a tachometer, intake
manilold pressurc gauge, and a hydrogen pressure gauge at the inlet

to the Impco pay mixer.






ENGINE MODIEFICATIONS

The engine modifications that were made by the BEC and the Laboratory for

operating the engine on hydrogen rather than gasoline include:

. Removal of all stock emission-control eguipment because it was not
needed.
. Installation of an Impco CA-300 gas mixer on the standard Rochester

gasoline carburetor (original equipment which was left in place).
The Impco carburetor controls the hydrogen/air mixture and the
Rochester carburetor controls the water induction rate. The engine
is operated in a throttled mode at a constant fuel/air equivalence

ratio of about 0.9 {slightly lean).

. P. -gging the idle jets in the Rochester carburetor to prevent water

use at idle.

. ‘Installation of a positive crankcase ventilation system to prevent a

hydrcgen/air mixture from accumulaing within the crankcase.

. Replacement of the standard spark-plug wires with heavy-duty solid

wires to reduce crossfiving and misfiring.

. Removal of the vacuum advance and centrifugal advance and setting
the ignition timing at a fixed 20° before top center (BTC) to
reduce backfiring as much as possible. Later, a modified
centrifugal advance system was installed to allow the enpgine to be

started at one timing and operated at another.

. Installation of an oxygen sensor in the exhaust to pruvide an

indication of the fuel/air mixture.

. . . . o]
. Changing the radiator thermostat to one with a setting of 70°C
(158°F) to operate the engine cooler thaun normal to reduce the
backfiring, yet still provide heated water tor the hydrogen heat

exchanger on tank #].
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LIQUID~HYDROGEN ON-BOARD STORAGE TANK #1 DESCRIPTION

The first liquid-hydrogen on-board storage tank used in the program was a
dual-shell vessel with 60 mm (2.4 in.) of e¢evaucated multilayer insutation
between the aluminum allay inner and outer shells. This particulai tank
configuration was chosen for use on a bus (but was never used for that
application) and thus its design was not necessarily optimum fur this
vehicle. Both the inner and outer shells were fabr..ated [rom commercially
availavle 4-mm- (0.157-in.-) thick aluminum alloy end caps, or pressurc vegczel

haads.

A liquid-level indication was provided by 10 carbon resistors mounted

within the inner vessel.

The manually operated refueling valves, tubing connections batween the
inner and outer vessels, and the connections to the heat exchanger are located
in the two domes showu on top ol the tank. The vacuum spaces ot th: two domes
are separate from the vacuum space between the inner and outer shells.  The
inner shell has three 12.7=-nm=(0.5=in.=) o.d. stainluss steel connecting
tubes: one to add or withdraw liquid hydrogen, one to withdraw gascous
hydrogen, and one to attach salety relief valves.  The pascous=hydrupen vent
line is uscd tor routing the clecirical leads Jor the liquid=ley ]l sensor intoe

the inner vessel.

11
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LIQUID-NYDROGEN ON-BOARD STCRAGE TANK #] DESCRIPTION

The inner shell of the first liquid-hydrougen on-board storage tank used
.n the program had a volume of about 150 L (39.6 gal.): 110-L (29-gal.)
liquid volume and 40-L (10.6-gal.) ullage space. Tne actual amount of liquid
hydrogen within the tank varies from 97.7 to 11..8 L (25.8 to 29.6 gal.)

depending upon the refueling procedure,

The empty weight of the tank is 83.8 kg (184.4 1b) and the maximum filled
welght is 91.8 kg (202.3 1b). '

The tank has a maxialm operating pressure of 447 kPa (65 psia) and 1is
designed to withstang a 10 ¢ acceleration load in any direction with a safety

-actor of two.

When the vehicle is not in operation and the tank is closed (unvented),

the pressure In the tank gradually inereascs at about 21 kPas/h (3 psi/h) for a
nearly full tank, or aboul 495 kPa/hv (6.6 psi/h, for o nearly emply tank, until
the relict valve 18 activated or until hydropen is tntentonally vented from
e tanlk.  Thus, the time that the tank may be lelt closed (the lock=up time)
varies from 10 Lo 21 b depending on the liquid Tevel in the tank.  After the
relie! valve onens, or il the tank is lelt in o vented condition, liquid
hydropen will be lost at the rate ot 11 L/day (2.9 gal./dav). AU this rate, a

Lall tauk ol liquid hydrogen would require U days Lo cvaporate.
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SUMMARY OF LIQUIL-HYDROGEN ON-BOARD STORAGE TANK #1 PARAMETERS

Outside diameter, m (in.)

Overall height, m (in.)

Empty weight, kg (lb)

Filled weight, kg (lb)

Maximum working pressurc,

kPa (psia)

Liquid volume, L (gal.)

Heat leak, W

doiloft rate, Z/day

Luss rate for vented
tank, L/day (pal./day)

Pressure build=up rat.,

kbPa/h (psi/h)

Lock=up time, minimum, h

Hydrogen
Goal Achieved
-——- 0.9 (35.4)
- 0.66{(26.0)
43.2(95.0; 83.8(184.4)
54.1(119.0) 91.8(202.3)
447.(65.0) 447.0(65.0)

150.0(39.6)

2.0

5.0(1.3)

l().O(l--’a‘/

4y

110,0¢29.1)°
'll . 0

10.0"

11.0(2.9)

21-0"05-5
(3=0.0)"

10-21°

Original Gascline
Tank

13.6(30.0)

63.0(138.6)

68.5 (18.1)

d, ¢ s . , .
Original volume ¢stimates were not achieved because available prossed=tank=
head domes were uaed which "not to speciblications."
b .. .
Based on the total ligquid volume ol 110 L.

< Co .
Dependy upon the ligquid=level in the tank.
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LIQUID~HYDROGEN ON-BOARD STORAGE TANK #2 LESCRIPTION

The second liquid-hydrogen on-board storage tank used in the program is a
cylindrizal, dual-shell vessel with two copper thermal radiation snields. The
inncr vessel is fabricated from staialess steel and the cuter vessel is made
of 5083 aluminum alloy. The two copoer shields anJd the inner vessel are
wrapped with aluminized mylar supcrinsulation and the space between the inner
and outer vesscly is evacuared. This Dewar was built jointly by Los alamos
and the DFVLR to overcome some of the disadvantag:zs such ax the high hecat leak
into the liquid nydrogen in the first Dewar, and to incorporate more advanced
cryogenic cngineering techniques into a tank that would represent an Y
improvement over the first tauk.

The inner vessel and the two radiation ghields arve supported within the
outer vessoel by three fiberplass-cpoxy support rods on cach end ol the tank.
This support system is desigued to sustain an acceleration load ol 10 g's in
any dircction. Heat leak througn the supports is reduced by a thermal
conmection butween the two radiaton shicelds and the six support rods.

The heat leak into the inner vessel casues the liquid=hydrogen to boil;
the cold pascous hydrogen penervated by this boiling is usud to cool the Lwo
copper shicldy which reduces the heat 'eak into the inner vessel.s This
requires that a small quantity of hydvopen be continuously vented from the
tank whenever the vehicle is not in use.

The inner vessel contains a capacitance type liquid=level sensor, two
clectrical heaters to asaist an pressure build=up, and Ltwo peptorated
aluminuam  alloy ballle plates co reduce gloshing and thermal stratilication,

The manually operated valves (tor control ol liquid hydiopgen tiil or
withdrawal and gascous hydropen venting), the retoueliong bavouets, and the
conneetion {oe the hydrogen supply to the enpgine are encloded within a vacuum
apace which (g aseparated from the main vacuum space by a tlange and
vacuum={eodthrougshn.e  This arvangerent provides sddicional satety boecause the
main vacuum space of the tank ia not attected in the event of Juaky caused by
material detfects or by crash damage in the valve section,

For case ol accosn during testing, the outer vessel c¢losure rlangus arve
clamped together and sealed vy U=rings. A permanent ¢losure could he made by
welding the ving {langes together, with aceess to the valve section still

ponsible Lhrouph a valve section clonure tlange,
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LIQUID HYDROGEN ON--BOARD STORAGE TANK #2 DESCKIPTION

The second liquid-hydrogen on-board storage tank used in the program has a
liquid-hydrogen storage capacity of 155 L (41 gal.) and an ullage space of
approximately 12 L (3.2 gal.). The overall length of the tack is 1.22 m
(48 in.) and its o.d. is 0.712 m (28 in.). The inside diameter of the irmer
tank 1s 0.546 m (21.5 in.).

This tank has an empty weight of 156 kg (344 1b) and a filled weight of
167 kg (368 lo). The stainless steel inner vessel weighs 35 kg (77 1b) and.
the copper thermal radiation shields weigh 42.2 kg (92.8 1b). Thus, the
weight ¢f a tunk such as this could be reduced by using aluminum for zhe funer
vessel and the thermal radiat.on shields.

The heat leak into the liquid hydrogen has been measured as about 2 W,
about twice the expected amount. Thercfore, the tank has a loss rate of about
6.2 L/day (1.6 gal./day) when the venicle is not in operation. At this iate,
a full tank of liquid hydrogen would require about 25 days to evaporate.

This Dewar, utilizing a principle (vapor-cooled thermal radiation shields)
not previously used in a vihicle liquid=hydrogen on-board storage application,
has not been optimized for vehicic use and improvements (such as rveducing the
weight of the Dewar) arce ponsible.

Fabrication, and some limited testing, oif tne Dewdar was completed about
mid=Suptember 1981, and its installation into the vehlicle was completad the
{irst part of October; conscyguently, testing and oper-ting expervience with the

Dewar 18 rather limited.



- . .
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SUMMARY OF LIQUID=-HYDROGEN ON=BOARD STORAGE TANR #2 PARMMETERS

Overall Lengtn, m (in.) 1.22 (48)
Mitside Diameter, m (in.) 0.712 (28)
Ewpty Weirpht, kp (1h) 150 (544)
Filled Weight, ky (1b) 167 (368)
Maximum Workiny lUressure, kia (psip)d 200 (30)
Liquid Volume, L (gal.) 155 (4l)
Heat Leak, W 2

Botlelf Rate, %/day 4

Lous Rate for Vented Tank, L/day (pal./day) 0.2 (1.6)

I8



LIQUID~HYDROGGEN ON-BOARD STORAGE TANK INSTALLATION

The installations of the two liquid-hydrogen on-board storage tanks in the

trunk of the vehicle are shown in these figures.

Hydrogen storage will require a tank with a volume about 3,8 times larger
than that of a gasoline storage tank for the storage of an equivalent amount
of energy because of the differcnce in energy per unit volume for k rogen and

gasoline. )
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VEHICLE PERFORMANCE AND OPERATION

The vehicle has been operating at Los Alamos on hydrogen as a fuel since
April 29, 1980, and as of October 1, 1981, has been driven a distance of
3563 km (2214 miles) on hydrogen without any majur difficulty. An occasional
backfiring does occur during its operation; this occurs most frequently when
starting the engine.

The fuel economy corresponds to 2.4 km/L (5.7 miles/gal.) of liquid
hydrogen (equivalent to 3.9 km/L or 21 miies/gal. of gasoline) in driving in
the Los Alamos, Santa Fe, and Alouquerque areas. The US Environmental
Protection Agency (LEPA) estimated fuel economy for this vehicle is /.2 km/L
{17 miles/gal.) of gasoline, which is equivalent to an energy use of 4435 J/m
(6765 Btu/mile). The 2.4 km/L of liquid hydrogen corresponds to an energy use
of 3436 J/m (5240 Bru/mile). Thus to go a given distance, about 22% less
energy 1s required using hydrogen instead of gasoline.

Although an increase in fuel economy has been achieved, the vehicle has
less power operating on hydrogen than it did on gasoline.  Acceleration
from G to 80.5 km/h (0 to 50 miles/h) requires 16.8 s at near sea level anad
2.6 s at Los Alamos, New Mexico, which is 2225 m (7300 ft) above sea levecl.
This car would be expected to accelerate from C to 80.5 km/k (0 to 50 milee/h)

in about one-half this time when operating on gasoline. A gasoline-fueled
Buick Regal with a similar engine acceleraced from Q0 Lo 80.5 kin/h (0 to 50
miles/h) in 14.4 s at Los Alamos. The stock turbocharge- on the engine has

not been changed, and as a result of 1ts not being properly sized for
h,drogen, a maximum boost pressure of 13.8 kPa (2 pri) at Los Alamos, and
34.5 kPa (5 psi) at Independence, Missouri was achieved; a maxiru» boost
pressure of 65.5 kPa (9.5 psi) is possible when gasoline is us.. as the fuel.

The water consumption in the engine is equivalent to 9.1 km/L
€21.4 miles/gal.).

A range of 236.5 to 273.5 km (147 to 170 miles) has beer. obtalned drivinyg
in the Los Alamos, Santa Fe, anl Albuquerque areas with tank #l; tank #2 pgives
thz vehicle a range of about 3952 km (225 miles) because of its greater
liquid-hydrogen capacity. With its 68.1-L (18-gal.) gasoline tank, the car
would have a range of about 483 km (300 miles).

The NO, emissions as measured in only one test on a chassis dynamometer
ranged from 25 ppm at idie to L0000 ppm at full load; this has been estimated
to be equivalent to aboul 0.037 and 3.7 g/km (0.06 and 6.0 g/mile) for idle
and full load. According to General Motors the Buick produces an average of
0.4 to 0.5 g/im (0.6 to 0.8 g/mile) operating on gasoline over the standard
driving cycle. Unltortunately, we do not have a similar average value for the
vehicle to make a direct cowparigson with the GM data. The NO, emissions
from using hydrogen as a fuel could be reduced considerably by operating at a
lover fuel/ali equivalence vatio.

“An overall loss of power results when gasoline-fueled enpines are converted
to aspirated gaseous fuels because ol the air-charge displacement by a gaseous
fuel with less energy per unit volume than a liquid fucl. This loss of power
is about 5-107% for LPG and natural gas and about 20% for hydrogen. Therc are
several ways that this loss of power can be averted but these were beyond the
scope of this program since we were not attempting to advance the
state-of-the-art in engii: conversion.

21



SUMMARY OF VEHICLE PERFORMANCE AND OPERATION ON LIQUID HYDROGEN

Hydrogen Gasoline
Goal Achieved
. . . a b c
Acceleration, 0 to 50 miles/h (s) 13 16.87, 24.8 14.4
. . d f
Fuel economy (miles/gal.) 5.6 5.7 17
gasoline equivalent (miles/gal.) 21 :
. . . g h
NOx production (g/mile) < 1.0 0.06, 6.0 N.6-0.8
L
Rang. maximum (miles) 294 170, 225%*" 300
Curb weight (lb) 3400 3550, 3780 3350
Distance driven on hydrogen
{miles) - 2214 -
Water ause (miles/gal.) 20 21.4 --
: In Independence, Missouri.
|
’ In Los Alamos, w Mexico, elevation 7300 1t.
€ At Los Alamos in a simitarly cquipped Buick Repal,
d

Open-rvad driving around Los Alamos, Santa Fe, and Albuquerque.

On an equivaicace vnergy per mile basis.

EPA estimate.

AU idle and [ull load, not an average value over a standard driving cycle.

Data provided by GM fo: the average achieved in operation over a standard
driving cycle.

Tank #1 and tank #2 respectively.
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HYDROGEN DELIVERY SYSTEM FROM THE STORAGE TANK TO THE ENGINE

The hydrogen delivery system contains such component: as solenoid valves,
relief valves, manual valves, regulators, and instrumentation as needed for
the transfer of hydrogen from the storage tank to the engine and for other

needs such as hydrogen venting.

Hydrogen for the engine is withdrawn from tank #l from either tha liquid
or the gaseous phase depending on the pressure within the tank. Ii the tank
pressure is above a selected value, solenoid valve SVl will open and solenoid
valve SV2 will close and hydrogen is taken from the gaseous phase to reduce
the pressure to a selected minimum operating pressure. When the tank pressure
ls below a selected value, sclenoid valve SY2 is opened and solenoid valve SVI
is closed and hydrogen is taken from the liquid phase. The Dewar pressure
(and thus, the Fisker regulator inlet pressure) can be increased during
driving by adjusting Lhe conltruls for solenoid valves SYl and SV2. With tank
#2, hydrogen is normally taken from the liquid phase because the tank is

usually left in c vented condition.

The cold (20 K) hydrogen (gas or liquid) removed from either of tne two
tanks is warmwed in a heat exchanger (using hot water from the engine cooling
system {or tank #l, or ambient air for tank #2) before it is delivered to the

englne.,
The purpose of the Fisher regulator is to maintain a constant hydrogen
gage pressure of about 10 torr (5.4 iuches of water) at the input to the Lmpco

135 mixer.

The fuel system schematic shown in this figure is for tank #1; the fuel

system schematic for tank #2 18 slightly diffeient.
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ROAD TESTS

Hydrogen flow and pressure data were taken tor three modes ot operation:
(1) driving at constant speeds from 20 to 50 miles/h over several roads in Los
Alamos; (2) acceleration {rom 0 to 50 miles/h; and, (3) steady-grade hill
climb in which the engine was maintained fully loaded long enough to develop
and sustain its peak power. During thesce three modes al opuration, data were
outiyined under different ambient conditions and with various pressures in the
liquid=hydrogen Dcewar.

A typical chart recording of the data for a hill climb test 1s shown in
this figure. The test begins at Poanl A wiln the vehicle acce erating fiom a
standing start and climbiag the hill in low gear; the tesl is terminaled at
Point B when the vehicle reaches the top of the hille he automatlic switching
ol sglenotd valves SV and 8V2 te remove hydropen trom thic ligquid phase to
maintain the desired Dewar pressure s shown al Point €. There s a consider=-
able oscillation in the Fisher repulator ialet and outlet pressures when
liquid hydrogen is being taken trom tie Dewar (1.e., when solenoid valve 5vY
is open and SV1 is closed)o Hydropen fiow and pressure aata for Points A, 4§,

and ¢ ol this tigure are given in the jotlowiayg table,

Ilvdropen Dewe Repulator Praossure

Flowrate I'ressure Inlet Out lit

Lletm) Lislg) L) {torr)
Point A 7.3 18.0 li.o 11.1
Point B A50h 2l YT JY
Point ¢ JO.0 lb. 3 13.0 Joo

The pressure deop Lrom the Dewar te the repulator inlet (less than 3 psa)
is not sipniticant except at low Dewar pressures (less than about 10 psip).

The drop in the repulator oullet pressure during high hvedropen tlowrates
resulty an a drop in hydropgen vressure at the dmpeo pas mixet which ¢luses e
fuel/Zatr mixture to become lean whoch reduces the maXtmam power oul put .

The test data wndicate that a high vrepulator anlet pressare, 2onld be
required to maintarn a constant regulator vutlet pressures Connequeat by, the
Fisher reculator was replaced with a larger ooe with G higher Hlow capac’ Ly
but no sipniticant ditterence in operation was observed with the larvper

regulator.
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LIQUID~-HYDROGEN REFUELING

The vehicle was refueled numerous times with liquid hydrogen using various
liquid-hydrogen storage Dewars available at Los Alamos and the semiautomatic
refueling station designed and built by the DFVLR. The refueling station
permits the transter of liquid-hydrogen from a storage Dewar to the on-board
liquid-hydrogen storage tank. The semiautomitic operation of the refueling
statlons makes it possible for personnel with little or no special training to

refuel a vehicle with liquid hydrogen.

A refueling operation with a 500-1. (132-gal.) storage tank is shown with a
schematic of the system in .hese tigures. The refueling operation is

described below.

The vehicle 18 driven to the liquid-hydropgen=-relueling station. The
operator mates lwo bayonet connectiovns and an electrical pround conuestion and
then initiates the Lollowing semiautomatic sequence of events. The hydrogen
211 and vent lines are evacuated by the vacuum pump. This provides a le <
check ot the connections and removes impurities such as air from the lines.

It the leak cleck is satistactury (as determined by the cvacua®ion rate 1n the
two lines) the hydrovan {i'l and vent valves in the refueling station will
open.  The operator must then open the manual till and vent valves on the
ehitele tank.  When the Citl and vent valves are open, the tank will fill
untl! the transter is toerminated manually or v o1l the liquid sensor detects
liquid in the venl line.  The {111 and vent valves in the retueling station
vill then c¢loses Liguid hydropen remaining in the till line 1s blown into the
tank by pascous hydropgen trom a small compresscd pas storape tank.  The
operator musl vow close the wranual i1l and vent vaives on the vebicle tank.
After the 11l and vent lines are evacuated to remove the remaining hydrogen,
Lhe vacuum will be brokeo and the Tines tilled with nitropen pas.  The
operator mway then disconnect the fill and vent lines, thus completing the

retueling opervation.
In summary, only the pressing ol two buttons and four manual stepu are

necessary: couneet the fill and vent lines, open the fill and vent valves,

close the 111l and vent valves, disconnect the fill and vent lines,
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LIQUID-HYDROGEN REFUELING

Although the refuzling system may be rather simple as shown in the
previous figure (and thus could be portable), a liquid-hydrogen service
station comparable to tnday's gasoline service station would be more complex
and have a greater liquid-hydrogen storage capacity than the 500-L Dewar
shown. A refueling operation at the Laboratory's liquid-hydrogen stcrage

facility with a 52990-U (14000-gal.) tank (which might be an appropriate size

for a service station) is shown in this figure.

‘
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LIQUID-HYDROGEN REFUELING TESTS

During a liquid-hydrogen transfer using a pressure differential between a
,upply tank and a receiving tank to effect the transfer (as shown in this
figure), some amount of liquid hydrogen is vaporized or lost as a result of:

® flashing of the gaturated liquid in the supply tank to the lower
pressure of the receiving (automobila storage) tank;
o cooldown of the supply tank pressurization gas (hydrogen or

helium);

. cooldown of the transfer lines, refueling stuation, and receiving
tank (if previously warm); .-
[ rcat leak into the storage tank, the receiving tank, the refueling

station, and the transfer lines;

° liquid entrainmant in the vent gas.

Tests were conducted to determine the extent ol liquid hydrogen lost
during a transter and to determine optimum conditions and transier procedures
using various arrangements ol the refueling station, the on-board storapo
tank, and the 500=-L (132=gal.)} and 190-L (50=gal.) gupply tanks as shown in a
previous figure and this one. In these trangfer tee=ts the pressure in the
supply tank (190=L or 500=L Dewar) was varied (vom 22.7 to 172.4 kPa gaupe
(3.3 to 25 paip)e The corrvesponding transicer times ranped Lrom 4% to 9 min to
Fill the on=board storage tauk, with correaponding liquid=hydrogen transer
vrates {rom 1.8 to 14.5 g/ (0,004 Lo 0,032 Ih/w)e  The liquid=hydropen lous
for the test setup shown in a previous fipure was about 2.9 kp (0.4 b)) for a
warm on=board storage tank and abo .t 1l kp (2.4 1b) tor o culd tank, The
Pigquid=hydrogen loss for tha test setup ghown in thin tigure was aboul 0.04 ky
(Lo Lb) tor a cold slovape tank.  These losscn did not chanpe gipnilicantly

as g tunction ol the various translur pressurvs and tlow ratus.
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PROGRAM SUMMARY

A baseline experimental liquid-hydrogen fueled mid-size sedan and a
liquid-hydrogen semiavtomatic refueling station have been operated for about
17 months. During this time the vehicie was driven for 2200 miles on hydrogen
and was refueled over 60 times with liquid hydrogen. Also, two different
types ol on-board liquid-hydrogen storage tanks were tested under actual,
on-the-road, operating conditions. A final report is being prepared to .
Cocunent the technica! information base established during thi. program to
provide data which has not previously existed, or was not readily available.
The experience gained during chis program will provide for improved and more
efficient liquid-hydrogun on=board gtoragc and refueling systems in future

programs.

Although the program was completed on September 3G, 19Y8l, the disposition
and ftuture plans tor the vchicle have not yet been Jdetermined. We have been
requested to disgplay the car and refueling system at the World Hydrogen Encrgpy
Confervence 1V, June 13-17, 1982 in Pasadena, California. We plan to maintain
contact with othevs who are involved in developing the usce of hydrogoen as a
fucl, and to scck other opportunizies for the application ol the experiencue

gained during this program.
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PROGRAM SUMMARY

ACCOMPLISHMENTS

STATUS

-

FUTURE

A documented (with technical data) naseline vehicle was established.
A liquid-hydrogen-fueled vehicle was operated for 17 months and was
driven for 2200 miles.

Liquid-hydrogen refueling accomplished more than 60 times.

Two different types of liquid-hydrogen ou-board storage tanks were
tested.

Data on refueling *ime and efficiency (or losses) were obtained.

Data on vehicle performance and efficiency were obtained.

The program was completed on September 30, 1981,

The final report 18 being prepared.

IPLANS

Possibly display the car and rvelueling system at the WHEC IV.
Maintain contact with other e¢fforts involved in the development of
hedrogen ay o tuel,

Pursue the possibility ol the application of the experienced gained

during thia program in a lollow=up program.
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RECOMMENDATITONS

The following recommendativns are hased on the experience gained during

this program.

- A fully integrated liquid-hydrogen bulk storage, retueling, and
on-board storage system should be fabricated and tested. This should
be a completely automated system with 1t necessary for the operator to
connect the transfer lines and an electrical connector, to push a .
“gtart" button, and to disconnect the transfer lines and electrical
connector when the refueling process is completed. The refueling
svstem should incorporate the latest cryogenic engineeriug technology
to minimize losses during refueling.

- The very latest in c.yogenic englneering technology should be applied
in the fabrication of an on-board liquid-hydrogen storage tank to
pi.oduce a taunk that is rugged, has a low heat leak, 1s lightwelght, and
can be mass produced at a cost which is not prohibitive.

- A method tor safely disposing of any vented hydrogen must be
developed. During this program hydrogen was vented through a
vent=slack, but this would not bc a satisfactory method of hydrogen

disposal for a hydrogen=fueled vehicle in public use.

The Lhree most frequently made comments regarding the vehicle are: (1)
"where do you carry the luggage?", (2) "is this safe?"; and, (3) "it doesn't
have much power.'" Conscquently, three additional recommendations are made.

= An agsgessment and desipgn ol a vehicle incorporating a liquid=hydrogen
tank be made so that the tank can be packaged as salely and
unobtrusively as pogsible.

- A safcty assessment and testlng program be conducted to ascertaln that
liquid=hydrogen can be salely trangicred and stored on=-board a vehicle.

- An ¢ngine development program be pursued to eliminate backliring and
provide an output power equivalent to that achieved with gasoline fuel.
althouph ergine development was nol pert ol this program, the
lackluster performance of the engine was a negative inlluence on how

hydrogen s a fuel was percelved.
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RECOMMENDATIONS

Develop a fully integrated, automatic liquid-hydvogen bulk storage,

refueling, and on-board storage system.

Develop an on-board liquid~hydrogen storage tank utilizing the latest

cryogenic engineering technology.

Develop a method for safely disposing of any vented hydrogen.

Develop a vehicle design incorporating a liquid-hydrogen tank.

Conduct a safety assessment and testing program for liguid-hydrogen

on-board storage and refueling systems.

Pursue an engine developuient program,
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